A bstract: The muskrat ( Ondatra zibethicus ) lives in both modern and prehistoric wetlands. Sexual dimorphism is a characteristic of many species that is relevant to both modern behavior, such as the partitioning of resources, and the accurate assessment of fossil populations. If sexual dimorphism is present in muskrats, what is known about their interaction with the environment may be inaccurate, as could be the interpretation of the species' evolutionary history because the study of fossil muskrats relies primarily on lower first molar morphology. Prior research on muskrat dimorphism has produced conflicting results and never directly evaluated the extent of variation in the lower first molar. We therefore tested the length and width of 204 modern lower first molars for sexual dimorphism. Molars of male and female muskrats consisting of specimens from 11 different subspecies were not statistically different in size or shape. Individual subspecies and populations within subspecies also were generally not dimorphic. Sexual dimorphism, therefore, is not a source of variation in the molars of fossil muskrats. The molars are unsuitable for determining sex in modern muskrats, and the similarity of the molar between males and females suggests that food resource partitioning between the sexes probably does not occur.
The muskrat is an important component of many wetland environments, including rivers, ponds, and marshes. The muskrat impacts its environment by using emergent and submergen t flora for food and building lodges, burrowing into banks, and by preying on some taxa while serving as an important prey species for others (Errington 1963 ) . The frequency with which muskrat remains are found in the fossil record suggests that this relationship with wetlands dates from the Quaternary. The management of modern wetlands and the reconstruction of past environments, therefore, depends heavily on the life history and morphology of the muskrat. Sexual dimorphism in the muskrat may imply resource partitioning between the sexes in modern wetland settings, for example, or adversely affect studies of fossil populations if the dimorphism is not recognized.
Subtle morphological variation in the lower first molar (m 1 ), the most commonly recovered muskrat element in paleontological sites, has been used to diagnose genera (Hibbard 1941 ), species (Brown 1908 , Wilson 1933 , Zakrzewski 1969 , and subspecies (Wilson 1933 , Lawrence 1942 , Lewis 1998 ) of fossil muskrats. The molar also has been used in studies of morphological evolution (Semken 1966 ; Martin 1979 ; Martin 1993 Martin , 1996 . Any potential source of molar variation in samples of muskrats, therefore, may be relevant to interpretations of temporal, geographic, and habitat-related variation.
Although significant work on the sexual dimorphism of modern muskrats has been accomplished, none has investigated the m 1explicitly. Our goal was to determine whether sexual dimorphism exists in the size and shape of the m 1 in the extant muskrat. Our objectives were to ( 1 ) allow greater confidence in analyses of the fossil record for muskrats, and ( 2 ) determine whether modern male and female muskrats may be partitioning resources and whether the element is suitable for sexing modern specimens. Although subtle shape differences may exist in the anterior loop, posterior loop, or individual triangles, determining the presence or extent of this variation is beyond the methodology used in this analysis, however.
Sexual dimorphism is common in rodents (e.g., Microtus [Kapischke 1989 ], Arvicolinae [Krumlova 1988 ] ). Based principally on body mass, some workers have reported an absence of sexual dimorphism in muskrats (Hollister 1911 , Willner et al. 1980 ). Other studies reported that males were larger than females (Dozier 1945 , Gould and Kreeger 1948 , Pankakoski and Nurmi 1986 , Pankakoski et al. 1987 ), while 1study indicated females were larger (Buss 1941 ). Confusing results may be caused by substantial seasonal weight fluctuations documented in the species (Errington 1963 ).
Sexual dimorphism often is linked to male aggression and mate competition (Alexander et al. 1979 , Thornhill and Alcock 1983 ) . Such aggressive male behavior could lead to selection for larger teeth. Muskrats are territorial and, although semi-colonial, display both inter-and intraspecific aggression (Errington 1963 , Perry 1982 . Individuals are more tolerant of their own sex than of the opposite, with females being the more tolerant (Perry 1982 ). While females will aggressively defend offspring (Errington 1963 ), aggression by males is more common and increases during mating season when they fight for access to mates and defend territory (Errington 1963 , Proulx 1989 .
The modern muskrat m 1 comprises an anterior loop, a posterior loop, and 7alternating triangles, separated by re-entrant angles and distributed along the lingual and buccal surfaces of the tooth (Fig. 1 ) . Cement begins deposition in the re-entrant angles of the molar on eruption from the gum and accumulates during the life of the muskrat. The modern adult muskrat molar is hypsodont and the occlusal surface lacks cusps. Dentine tracts (exposed areas of dentine on the sides of the molars) also are present (Martin 1979 ) . Molars wear in a predictable pattern during the life of the muskrat (Galbreath 1954 , Viriot et al. 1993 ), although rate of wear is affected by variation in diet (Gutierrez et al. 1998 ) and possibly by dwelling type (burrow vs. lodge).
METHODS
We used the muskrat m 1for this analysis because it is both functionally significant and the principal element in the diagnosis of fossil species (Hollister 1911 , Zakrzewski 1969 , Martin 1993 . Lower first molars from 204individual muskrats from sexed collections of modern Ondatra zibethicus were available for analysis ( 90females, 114 males). The specimens were O. z. albus O. z. spatulatus ( n = 9 ); and O. z. zibethicus ( n = 82 ). While modern muskrats vary greatly in size and in their habitats, the sample-representing 69% of the modern subspecies-was chosen from a variety of environments including river, marsh, mountain, and plain. The sample likewise encompasses both large-and small-bodied subspecies. Approximately equal numbers of males and females from each population were used, although this distribution was dictated by the availability of sexed specimens in the museum collections (Tables 1 , 2 ).
As size and shape change with wear, we selected only molars exhibiting moderate wear based subjectively on the shape of the anterior loop, overall size, and by the degree of rounding on the triangle apices (see Galbreath 1954 , Viriot et al. 1993 ). We used right molar measurements, with left measurements substituted only if the right molar was unavailable. Using sliding calipers, we measured occlusal surface length and width at their extremes. Independent data also were obtained from earlier research (Semken 1966 , Nelson and Semken 1970 ) that used the same data collection methods. We analyzed the molar measurements of males and females in 3groupings:
( 1 ) all subspecies combined, ( 2 ) individual subspecies, and ( 3 ) individual regions of a single subspecies. We used parametric tests for these data as male and female molar length and width distributions were found to be normally distributed (Kolmogorov-Smirnov Normality Test, P >0 . 15 for molar length and width of both sexes).
Our analysis of length and width measurements used multivariate analysis of variance (MANOVA) and the Kolmogorov-Smirnov test to ascertain whether significant molar dimorphism existed between the molars of males and females. The MANOVAs were bootstrapped for 1 , 000 iterations in each test. While MANOVA tested for differences in the means of the measurements, the Kolmogorov-Smirnov test checked for differences in overall distribution of measurements (Sokal and Rohlf 1981 ). We transformed all measurements to natural logarithms before analysis to linearize allometric relationships and to make variation relative to tooth size rather than absolute.
To test for shape dimorphism, we plotted width against length and generated least squares regression lines, and tested the length and width relationship using analysis of covariance (ANCOVA). As direction of variation was not predicted, we used 2 -tailed tests. All statistical tests used an α level of 0 . 05 and were run with Matlab 5 software (programs available from R. Strauss).
RESULTS
A plot of m 1 length and width grouped by data source displayed no differences in the data collected from this analysis and that taken from previous investigations (Fig. 2 A) . This alleviated the concern that some difference in the data may have been due to different data collectors. The data taken from other sources fell completely within the range of variation and demonstrated a virtually identical regression line.
We found no significant differences in the overall length or width of the m 1between male and female muskrats with all subspecies in a single group (MANOVA, F 1 , 233 = 0 . 188 ; P = 0 . 81 ; Tables 1 , 2 ). We likewise found no significant differences in the distributions for both length (KolmogorovSmirnov, χ 2 = 2 . 6 ; P= 0 . 54 ) and width (Kolmogorov-Smirnov, χ 2 = 1 . 81 ; P = 0 . 81 ). The mean m 1 length for males ( n = 114 ) was 7 . 13 mm, while that for females ( n = 90 ) was 7 . 15mm. Mean width for both sexes was 3 . 03 mm.
Length and width relationship did not vary significantly between sexes, with both slope (ANCOVA, F 1 , 233 = 0 . 02 ; P = 0 . 88 ) and intercept (ANCOVA, F 1 , 233 = 0 . 80 ; P = 0 . 37 ) tested. That length and width maintain a consistent relationship indicates that overall shape is similar for males and females (Fig. 3 ) .
In 7of the 11subspecies, males had slightly longer molars than females, while in 8of the 11 subspecies females had wider molars (Tables 1 , 2 ). We also found little dimorphism between males and females for each individual subspecies, We also tested variation within localities of a single subspecies. The O. z. zibethicus subspecies sam ples were collected from 4 different geographic regions: Illinois ( n = 17 ); Isle Royale, Michigan ( n = 10 ); Michigan ( n = 24 ); and Manitoba ( n = 15 ). Of the 4 localities that had the desired sample size, only 1 was dimorphic. The Isle Royale locality demonstrated marginally significant sexual dimorphism(MANOVA, F 1 , 8 = 4 . 80 ; P = 0 . 05 ). This group had 5 females and 5 males, with males found to be larger than females. The remaining regions demonstrated no significant difference in length.
DISCUSSION
We showed the m 1 of modern Ondatra zibethicus to be homogenous between sexes. The similarity between males and females in both size and shape indicates that they utilize their environments in a similar fashion, and that the m 1 is not suitable for determining the sex of individuals. Presumably, this similarity persists into the fossil record and differences found in the size and shape of fossil molars result from factors other than sexual dimorphism. A sample containing either equal numbers of males and females, or strictly 1 sex or the other, is not needed for comparisons of populations from different localities or periods.
Due to the correlation suggested between the size of the m 1and body mass (Martin 1993 (Martin , 1996 , the lack of m 1 dimorphism implies similar overall body size between males and females of the species. This assumption may be incorrect, however, given the differences in weight between males and females found in other studies. Pankakoski and Nurmi ( 1986 : 24 ) found that skull measurements, in general, were 1 . 3% larger in males, while males weighed 13% more than females (skull measurements and weights were taken from the same individuals). The explanation given for this disparity is that males have more muscle mass due to their combative nature (Pankakoski 1983 , Pankakoski and Nurmi 1986 ), although this hypothesis apparently has not been tested. Female molars in this research were a negligible 0 . 003%larger than those of males, resulting in an even larger discrepancy between molar size and body weight ( Table 1 ) . Dimorphism in weight combined with the lack of dimorphism in the m 1 suggests that m 1 size is at best only a general predictor of body weight. Predicting muskrat body mass based on molar size, therefore, requires a priori knowledge of sex and probably different regression formulae.
The degree of sexual dimorphism in muskrats is dependent on the skeletal element used for comparison. For example, research using cranial variables exists that supports sexual dimorphism in cranial measurements (Gould and Kreeger 1948 , Sather 1956 , Boyce 1978 , while other studies of the skull suggest an absence of dimorphism (Hollister 1911 , Pietsch 1970 . These studies evaluated numerous variables and, while there is some overlap in measurements (i.e., skull length and width), came to different conclusions regarding the amount of sexual dimorphism. Regardless, the results of cranial measurements from these previous studies indicated no size advantage for males. No single cranial measurement was variable enough to distinguish the sexes (Pankakoski and Nurmi 1986 ). This earlier research on skull measurements (e.g., Gould and Kreeger 1948 , Sather 1956 , Pankakoski and Nurmi 1986 ) drew similar conclusions to our m 1study: males and females are insignificantly different. The m 1 from male and female muskrats was statistically the same based on length and width measurements. This relationship extended through extant muskrats as a whole, as well as among males and females of different subspecies and different environmental settings. A strong similarity in the relationship between length and width likewise indicates a similar shape for the molar. Sexual dimorphism need not be addressed in studies of modern or fossil populations represented by the m 1 . Taxonomic conflicts regarding the muskrat lineage (e.g., Martin 1996 ) are unaffected by sexual dimorphism, and morphological differences between males and females have not caused the recognition of invalid species in the muskrat lineage that would have called into question the results of previous evolutionary and ecological studies.
MANAGEMENT IMPLICATIONS
Unlike body mass, which may vary seasonally or reflect food quantity and quality (Virgl and Messier 1997 ), the m 1has been shown to only vary significantly over large time spans (e.g., Martin 1979 ) or due to habitat variation (Nelson and Semken 1970 , Lewis and Johnson 1997 ) . The m 1 would, therefore, provide a stable dimorphic measure. The lack of sexual dimorphism in the m 1 , however, suggests that segregation by gender likely does not occur in either habitat or diet. These findings support those of prior research on the muskrat's influence on wetland function and nutrient cycling that report no gender-specific habitat use (Smirnov and Tretyakov 1998 , Connors et al. 2000 , DeSzalay and Cassidy 2001 . As such, wetland conservation and management plans incorporating muskrats would not need to be gender specific.
The determination of adult sex ratios from various geographic regions would utilize more fully the management implications of this study of dimorphism. Sex ratio estimates are critical for understanding population dynamics and life history characteristics, such as survival, fecundity, and dispersal (sensu Ellegren and Sheldon 1997 ). Such estimates are particularly important for harvested species, where biases impact harvest regulations and limits. However, few published data exist on adult muskrat sex ratios. The exception is a single study reporting genetic monogamy in male muskrats (Marinelli et al. 1997 ) , implying a 1 : 1male:female sex ratio (Charnov 1982 ) . If this sex-ratio pattern is consistent geographically, gender-specific habitat management concerns need not be addressed, although it would introduce questions regarding sex ratios and harvest regulations and limits. Conservation issues regarding gender identification and harvest limits should be explored based on the results of this study, particularly since muskrats are furbearers and an important commercial species. First, if adult muskrats cannot be assigned gender based either on m 1 morphology, or based on other skeletal measures or body mass (e. g., Gould and Kreeger 1948 , Sather 1956 , Pankakoski and Nurmi 1986 , Pankakoski et al. 1987 , Virgl and Messier 1997 , Lewis et al. 2000 , then other measures must be advanced.
To develop sound harvest limits for muskrats, it is important for both wetland managers and trappers to be able to assess gender rapidly to generate adult sex ratios. Internal examination after harvest is a quick and nonambiguous gender identification method, if the carcass is sufficiently preserved, but a skeletal feature that consistently identifies sex would be helpful in cases where soft tissue is no longer available. Second, the rapid assessment of gender would generate information detailing catchability and potential trap biases. If either gender is captured more frequently, then population demographics and adult structure would be impacted, potentially influencing population stability and long-term longevity, particularly if populations are not skewed toward 1 gender. Understanding sex-ratio dynamics of harvested muskrat populations would enhance specificity of harvest limits and regulations. was provided to PJL in the form of a research assistantship from the Museum of Texas Tech University, a summer research grant from the Graduate School of Texas Tech University, and a fellowship from Duke University. This work is part of the ongoing Lubbock Lake Landmark regional research program into late Quaternary climatic and environmental change on the Southern High Plains.
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